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I. INTRODUCTION1

It was recognized at the very outset of these experiments on

coal, which were begun in the Laboratory of Industrial Chemistry,

University of Illinois, about the year 1897, that much value would

attach to any device or method which would make it possible to

study the properties, composition, heat values, etc., of the pure
coal substance as distinct from the non-coal material with which

it is associated. While much data of a general nature accumu-

lated from year to year, having more or less bearing upon this

subject, it was not until recent months that a definite study of the

problem was undertaken. It is the purpose of this paper to pre-

sent the results of these investigations upon the properties and

more definite determination of actual or unit coal. By unit coal

is meant the organic material which is involved in combustion as

apart from the mineral constituents which are the extraneous and

variable accompaniments of the actual or unit coal.

II. HISTORICAL KEVIEW

A number of investigators have worked on various phases of

this topic. Lord and Haas, who were no doubt the first in the

field, have developed the idea that in any given type of coal, or

perhaps, less broadly, in any given deposit of coal, there exists an

initial substance, with certain uniformities as to calorific value,

which might make it possible to calculate the heat units for any

sample whose source as to locality was known.

From numerous analyses of Pennsylvania and Ohio coals,

Lord and Haas draw a comparison between the heat values as de-

rived by Du Long's formula, the Mahler calorimeter, and those cal-

culated from unit value which they designate as H, and describe

as being the value for the ash, water and sulphur-free substance.

They find the sulphur to be a disturbing element and correct for it

in a partial manner only. However, they state as their conclusion

that "On comparing the results, seam by seam, it would appear

Credit is due Mr. W. F. Wheeler for the greater part of the work em-
bodied in this bulletin. Mr. Wheeler died November 18, 1909.
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that the actual coal of a given seam, at least over considerable

areas, may be regarded as essentially of uniform heating value." 1

The expression "actual coal" presumably refers to this same
initial or unit substance free from extraneous matter, such as

ash, moisture and sulphur. The same idea is evidently intended

in the quotation below, though the same qualification as to "act-

ual coal" is not used, thus, "The results of our tests seem to indi-

cate the interesting conclusion that the character of a coal seam,
so far as its fuel value is concerned, is a nearly constant quantity
over considerable areas. The determination of the value tfor

seams would be of great use, as the rapid proximate analysis, or,

for that matter, merely the determination of ash and moisture

in low sulphur coals, would be sufficient to grade coals of the

same vein. Of course, it is dangerous to argue from so few

samples, but the proposition seems reasonable. At least, we hope
that further work may confirm these conclusions."

Kent, in discussing this paper, in the same volume, page 946,

says, "The conclusions of the authors that the 'actual' coal (mois-

ture and ash excluded) of a given seam over considerable areas,

may be regarded as of uniform heating value, is one of great prac-

tical importance. I have held the same opinion tentatively for a

long time . . . .

"

Contemporaneous with the work of Lord and Haas was that

of W. A. Noyes.
2 As a result of 21 calorimetric determinations

on Indiana and Pittsburgh bituminous coals, he says, "The

heating effect may be found, in all cases examined, with a maxi-

mum error of 2 per cent, by the following rule : Subtract from 100

the per cents of moisture, ash, and one half the per cent of sul-

phur, and multiply the remainder by 80.7. The product will be

the heating effect of the coal burned to vapor of water, expressed

in calories."

Whatever value may have attached to these propositions, the

matter seems to have lain more or less dormant until the subject

lfrrans. Am. Inst. Min. Eng. 27; 259, 1898.
2Jour. Amer. Chem. Soc. 20; 285, 1898.
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was brought again to the surface by Mr. A. Bement, who has in

numerous articles insisted upon its great practical value, as, for

example, referring to the advantage of having certain units of

reference, he says, "The possibility of the more extended use of

constants is presented and the author urges the feasibility of con-

sidering the pure coal compositions as constants for a coal seam

or particular locality of such seams. This possibility has been

suggested, principally by the fact that the heating power of the

pure coal from a general locality does not vary over greater limits

than that of the calorimetric method, and he has been able to

employ it as a constant in calculating the heating power of dry
and moist coal, having determined only moisture and ash, and

obtained results that check with calorimetric determinations made
on the same samples. The author, however, does not claim orig-

inality in this observation, but does insist that the use of such

constants is of advantage. . . .This view concedes that coal from a

certain locality or seam does not vary in quality, but that the

variation is due to the presence of ash and moisture which are

impurities associated with the coal."1

In a subsequent paper,
2 he argues for the same constancy

of values when referred to the pure coal basis. These considera-

tions have, no doubt, led Mr. Bement and others to adopt the

term "pure coal" as expressive of this idea of constancy in the

"ash and water-free" substance, in addition to the fact of its be-

ing a more compact and convenient term to use.

In all of these discussions relating to the uniformity of val-

ues for the actual coal, it is evident that if there are any con-

stituents that fail of recognition to the extent that they are not

included among the factors for mineral or non-coal material, but

on the contrary, are included in the actual coal substance, then

the question arises as to whether we yet have a fair basis of ref-

erence for drawing conclusions as to the constancy or the degree

of agreement which we may properly credit to the actual coal

constituent.

Mour. Am. Chem. Soc. 28; 636.
2Jour. Western Society of Engineers 11; 757.
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For example, the coals of the Mississippi Valley may have

as high as 4 or even 8 per cent of sulphur. Indeed, variations of 1

to 3 per cent may be possible within the product from the same

mine, especially where the washing of the coal is in vogue. Now
if this variable is counted as part of the "actual coal," it by so

much prohibits any uniformity of heat values being credited to

this hypothetical substance we call "unit coal." This phase of

the subject was touched upon in the discussion1

accompanying
the paper by Mr. Bement already mentioned. It was there urged
that not only the sulphur, but certain volatile constituents were

present which escaped determination as part of the ash, and were,

therefore, included in the actual coal, thus introducing a variable

which prevented accurate study of that substance. Shortly after-

ward, analytical evidence in support of this idea was developed

by Mr. Wheeler,
2 and the results of his investigation were pub-

lished in 1908. The essential point developed in that work was

the evidence of the existence of a non-coal constituent which by
the ordinary methods of analysis not only escapes recognition and

measurement, but is counted as part of the true coal substance.

This is the water of hydration or other volatile matter chemi-

cally combined with the mineral or ash substance in such a man-

ner as to be driven off only at a red heat. For example, if the shale

content of the ash has 8 per cent combined water, and the same is

not counted with the ash but as part of the "volatile combustible,"

here is a variable which by so far keeps us from coming at the

correct value for the actual or unit coal. Similar variables would

accompany the presence of gypsum whose water of crystalliza-

tion in the process of analysis would take its place as part of the

pure coal substance. Calcium carbonate also would afford a

similar variable in so far as it would lose carbon dioxide in the

process of analysis. It should be noted here that Taylor and

Brinsmaid have proposed a graphical method for arriving at

unit coal values which, though empirical and consequently indi-

; Jour. Western Society of Engineers 11; p. 762, 1906.
2Trans. Am. Inst. Min. Engs., Vol. 38, p. 621, 1908.
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rect in character, is very ingeniously devised and no doubt is of

much practical value.1

III. EXPERIMENTAL DATA

It is the purpose of this paper to present the results of our

own investigations, together with such applications as the data

at hand will permit, in the hope that the facts presented may in-

dicate the possibility of arriving directly at the determination of

all of the non-coal or mineral constituents, including those more

volatile mineral compounds which have heretofore been associat-

ed in analytical processes with the fuel. The fact should be es-

pecially emphasized that it has been the purpose of the investi-

gation to arrive, first, at an exact determination of the inorganic

component of the coal as distinct from the organic material, and,

second, to study the constancy of composition of this organic sub-

stance as indicated by its heat content. Only in this manner can

we arrive at a conclusion as to whether or not it has properties

which will warrant its use as a fuel unit. Manifestly, therefore,

the sulphur should be excluded from this unit. In so far as sul-

phur occurs in the form of iron pyrites, and this includes the ma-

jor part, it is extraneous in character and bears no constant ratio

to the amount of organic matter present.

For the purpose of illustrating by specific instances the ef-

fect of including such variable constituents as sulphur, etc., in

the combustible matter, instead of in the ash, and so allowing

them to augment falsely the actual coal substance, the following

experimental procedure was followed :

A given sample of the coal was separated into two divisions

of high and low ash content in a solution of zinc sulphate of 1.35

specific gravity, whereby that part of the coal with low ash and

less pyrites was separated by floating from the heavier particles

with higher ash and more sulphur, the latter sinking to the bot-

tom. Now, upon the hypothesis that the "actual coal" in these

Mour. Ind. and Engrg. Chem. Vol. 1, Feb. 1909.



PARR-WHEELER UNIT COAL AND COAL ASH 7

two divisions of the same sample should have the same heat val-

ue, the subjoined table is arranged to show what widely divergent
values may be indicated by reason of different methods of ar-

riving at the "actual coal 7 ' constituent. If everything excepting
the ash as weighed and the moisture be credited to this material,

there will result unit values, as shown under column (a) of the

subjoined Table 1, which is the "pure coal" of Mr. Bement. If

we take out the heat due to sulphur, and correct the remaining
value for ash as determined, plus moisture, plus all of the sul-

phur, there will result values as shown in column (&), which

would be the results as derived by means of the method of Lord

and Haas. If we calculate the indicated values to the material

as free from ash and moisture and correct also for one-half of

the sulphur, there will result values, as shown under column (c),

which would conform to the method as suggested by Dr. Noyes.
In column (d) we have results from the method of calcu-

lation which subtracts the heat due to the sulphur, corrects the

ash for the sulphur, and also adds a uniform amount for hydra-
tion or volatile inorganic matter, amounting to 8 per cent calcu-

lated upon the corrected ash free from iron pyrites, assuming all

of the sulphur to be in that form. A tabular statement, therefore,

for these four different methods of calculation would be as fol-

lows:

(a) According to Bement

B. t. u. as indicated

1.00 (Moisture+Ash as weighed)

(6) According to Lord and Haas
B. t. u. 4050 S

1.00 (Moisture+Ash as weighed+ Sulphur)

(c) According to Noyes
B. t. u. as indicated

1.00 (Moisture + Ash as weighed + 1/2 Sulphur)

(d) According to Parr and Wheeler

B. t. u. 5000 S

1.00 [Moisture + Ash + 5/8 S + .08 (Ash 10/8 S) ]
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The method of deriving a formula embodying the conditions

prescribed under (d) would be as follows:

First, with reference to the subtraction of the heat due to the

sulphur. It should be borne in mind that the purposes of this

study are (1), to arrive at the actual weight of unit coal as rep-

resented by the expression 1.00 (all non-coal constituents), and

(2) to derive the actual heat per unit weight to be credited to this

material, by dividing the indicated heat for this substance by
the weight which produces it. Hence, for this particular pur-

pose, the sulphur must be eliminated, both as to its heat value and

as to its weight in the material whose value is sought for. This

procedure may not suit the purpose of the engineer who has in

mind only the available heat without reference to its source, but

that is a matter quite apart from the facts which it is the pur-

pose of this discussion to establish.

Second, the expression 5000 S has been used as indicating
the heat due to the combustion of the sulphur, for the reason that

the value 4050 S, as used in formula ( b ) represents the heat of

combustion for pure sulphur, while the heat of combustion of

sulphur in the form of pyrites, FeS2 ,
combines also the heat of

formation of iron oxide, Fe2O3 . It is the resultant value, there-

fore, of the several reactions involved that is desired.

According to the direct tests by Somermeier,
1 in the combus-

tion of coal with known weight of iron pyrites, the indicated heat

per gram of sulphur so combined is 4957 calories. In calculating

heat values, the correction introduced for the combinations

resulting from calorimeter reactions as compared with open-air

combustion is 2042 calories per gram of pyritic sulphur; hence

4957 2042 or 2915 calories (5247 B. t. u.) represents the heat

due to the burning of one gram of sulphur in pyritic form in-

stead of 2250 calories (4050 B. t. u.), the amount which would

be credited to sulpHur in the free condition. A strict application

of these values, therefore, would call for a correction of 5247 S,

as representing the heat to be subtracted for the sulphur. This,

'Jour. Am. Chem. Soc. Vol. 26, p. 566.
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however, would imply that all of the sulphur is in the pyritic
form. Since a certain portion of the sulphur is always present
in organic or other form of less heat-producing capacity, it is

deemed more nearly correct to use an even factor of 5000 as rep-

resenting the heat to be credited to unit amounts of the total sul-

phur present.

The factors for the divisor in the formula under (d) are de-

rived as follows :

The atomic ratio of iron to sulphur in iron pyrites (FeS 2 ) is

56 : 64
; that is, 7/8 of the total sulphur is the equivalent of the

iron present as Fe.

The atomic ratio of the oxygen of the ash, combined as Fe2O3

to the total sulphur which it replaces is 48 : 128
;
that is, 3/8 of

the total sulphur is the equivalent of the oxygen present in the

ash, combined as Fe2O 3 ,
hence the ash as weighed may be cor-

rected for the iron pyrites FeS2 burned to Fe2O3 , by subtract-

ing from the ash 10/8 of the weight of the sulphur as determined.

This remainder, therefore, is considered as the shaley and carbon-

ate constituent upon which the 8 per cent of water of hydration,

carbon dioxide, etc., are calculated. The expression for the total

non-coal substance then becomes

Non-coal= Moisture + Ash as weighed + 5/8 S + .08 (Ash

-10/8S).

Clearing of fractions and combining,

Non-coal= Moisture + 1.08 Ash + 21/40 S.

In this expression the factor 21/40 S can not be further

simplified by making it 1/2 S, for the reason that our correction

for sulphur is already too small by that part of the organic sul-

phur not covered by the addition to the ash value of 3/8 of the

total sulphur indicated in the original formula. On the con-

trary, we shall be approaching nearer the truth by increasing

slightly the sulphur correction, which may be done with conven-

ience in calculating, by making this factor read 22/40 S or 1/2 S

+ 1/20 S.
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Hence the simplification of the entire formula under (d)
would be

B. t. u. or unit coal=
Indicated B. t. u. 5000 S

1.00 (Moisture + 1.08 Ash + 1/2 S -j- 1/20 S)

Since the analytical values given in the table are based upon
the coal as oven-dry, of course, the moisture factors in the above
formula drop out, and would not enter into the calculations. In
the table, for example, sample 1 has an indicated B. t. u. for the

dry coal of 12 356. The calculations, therefore, for each column
are

(c) = __12356_"

1.00 (.1166 + .0299)
== ..................... 1447T

(d) =_12356 -5000 (.0599)_=
1.00 [1.08 (.1166) + .02995 + .00299]

From an examination of this table it seems evident that the

values in columns (a), (&), and (c) vary for each pair of samples
more widely than we should expect, provided our calculation in

these cases is based upon the actual coal; the variation, for ex-

ample, reaching nearly 2 1/2 per cent in No. 9. That a hydration

component is the disturbing factor seems evident from the wide

variation in the ash of the two divisions of this sample (22.17 per
cent to 4.22 per cent), while the sulphur values are sufficiently

close to eliminate any variable due to that element. In column

(d), however, it is to be noted that the introduction of an amount
of hydration equal to 8 per cent of the pyrite-free ash brings the

two heat values to a variation of only 41 B. t. u. or less than 1/3
of 1 per cent. The component calling for this correction, therefore,

seems to be directly associated with the ash, since the variation
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in sulphur is too small to enter into the account. Equally strik-

ing evidence of the presence of such a component is seen in the

samples numbered 7, 10, 11, and 12. Sample 8 is essentially the

same as 7, and while there is not so close an agreement in this

sample, still it must be recognized, as confirmatory of the general

proposition. If, for example, we admit a manipulation variant

of 40 or 50 units, it is hardly to be expected that the other vari-

ables, such as the true amount of hydration or the exact char-

acter of the same, whether hydration of shale or carbonating of

lime, may not carry with it an equal variable, so that in the pres-

ent stage of our knowledge, it seems fair to consider even this

variation quite within reasonable limits.

Another phase of these results is also to be noted. The

agreement as to results just given above is seen to depend in

large measure upon the correction of the high ashes in those

samples referred to, by addition of a component which we have

designated as hydration. Fortunately, the list of samples also

includes coals high in sulphur, and this affords the necessary

condition to show whether or not the sulphur enters into the

proposition as a variable, and also what method of correction

will most nearly neutralize its effect. Here, again, the close

agreement, as in samples 1, 2, 4, 5, and 6, indicates that the

method employed is correct in principle; that is, the heat value

of the sulphur, taken as 5000 times the sulphur content, is sub-

tracted from the indicated heat units, and the ash is restored as

nearly as is conveniently possible, to include the sulphur as joined

to the iron in its original or pyritic form. It is realized, as al-

ready indicated, that an error is inherent in this procedure, if

that part of the sulphur is present as organically combined. Strict-

ly considered, therefore, it should not be reckoned as pyritic sul-

phur. Test has been made, however, of introducing a further

refinement into the calculation by separating the sulphur into

the organic part and the inorganic, the amount of the latter be-

ing indicated by the content of iron present in the ash. The

iron pyrites thus calculated, Table 2, on this iron basis has been
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made a part of the original non-coal substance. The 8 per cent
of hydration, etc., has then been calculated to the ash as correct-

ed for this amount of pyrites burned to oxide, and finally the

organic sulphur has been added as a part of the non-coal matter.

The indicated heat units were diminished by the total heat to be

credited to the sulphur, taking account of its two forms as indi-

cated in the formula for column (e), thus_B. t. u. - [524TX8/7 Fe + 4050 X (S - 8/7 Fe) 1_
1.00- [Moisture-f Ash-l-5/7 Fe + .08 (Ash -10/7Fe) +(S 7/8 Fe]

In this formula, the iron weighed as Fe2O 3 has a ratio of oxygen
to iron of 48 : 112 or 3/7. To restore it to an equivalent of FeS2

which has a ratio of S (64) to Fe (56) or 8 : 7 would require the

addition to the ash content of 5/7 of the iron as determined.

Similarly 8/7 of the iron value represents the sulphur as origi-

nally joined to the iron in the pyritic form, and 10/7 of the iron

represents the Fe2O3 as a component part of the ash as weighed.
Since the analytical values refer to the coal on the dry basis,

the factor for moisture drops out of the formula. The results

of this method of calculating are given for the first six samples in

column (e) of Table 2, placed in comparison with column (d)

repeated from the previous table. As may be readily seen, the

relative values are in substantially the same agreement as be-

fore. This method involves the added requirement of an iron de-

termination and does not altogether remove the uncertainty as to

the form in which the combinations of sulphur occur. In the

present state of our knowledge, as well as on the score of practica-

bility, we seem to be justified in accepting the values and form-

ula as given in column (d).

The arguments thus far brought forward to prove the cor-

rectness of the method for arriving at the real weight of non-coal

substance are sufficiently conclusive for the twelve samples in-

cluded in the table. How generally applicable this method will

be for all types and all regions, remains for the subsequent part
of this paper to discuss.
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As a possible source of variation, the different layers of the

same seam were studied with a view to determining inherent vari-

ations in the stratification of the coal, which, by variations in

sampling or mining, might enter into the case and to a certain

extent, modify the fact of uniformity. Three mines were, there-

fore, sampled with reference to the top, middle, and bottom layers

of coal, or with reference to certain zones or bands of coal that

seemed to have a structure more or less characteristic and dis-

tinct from the other layers. These results are listed in the fol-

lowing table, the basis of comparison being the thermal units

calculated to "unit coal," which in subsequent discussion, as al-

ready indicated, will be the term made use of in this paper for

that coal free from ash, moisture, pyrites, and volatile inorganic

matter, as calculated under column (d) in Tables 1 and 2.

Attention is called to the following points. In the Collins-

ville sample, the bands of division were approximately the upper
2 feet, the lower 2 feet, and the middle zone of about 4 feet. When
referred to the "unit coal" basis, the upper and middle divisions

are in close agreement. The lower layer is considerably higher.

This fact would have a modifying influence on the entire face of

the seam as is illustrated in No. 4, which is a calculated composite
value based on the factors for samples No. 1, 2 and 3. No. 5 and

6 are samples taken from the entire face of the seam, and taken

from a mine located not over 2 or 3 miles from the mine from

which the first samples by layers were taken. It is evident that

the values indicated for the separate layers are not variable to

an extent which would noticeably change the ultimate value for

the entire face. Moreover, in the process of mining, the output

represents the face of the vein and not the various layers. How-

ever, the facts brought out in this comparison of the various

strata are valuable as indicating certain variations in composi-

tion of the same seam which might result from changes in the

relative thickness of certain bands. In the same region, or in

the same vein, these possible variations due to this phase of the

matter would seem to be practically negligible when we consider
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the regular output of the mine, since a mixture of the entire seam
is inevitable, and these small variations of the layers would be

very easily neutralized.

The same statement is applicable to the results as shown for

the two additional sections similarly examined from Belleville

TABLE 3

VARIATIONS IN THE CALORIFIC VALUE OF THE "UNIT COAL" FOR DIFFERENT HORI-
ZONTAL LAYERS OF THE SEAM

Tab.
No.
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little value but are as a rule positively misleading, and the error

is quite as likely to be of a minus as of a plus character.

IV. ASH COMPOSITION

Notwithstanding the very satisfactory indication of the

adaptability of the proposed formula for arriving at the unit coal

values, as shown by the foregoing Tables 1 and 2, the question
still remains as to whether the samples chosen are sufficiently

typical to represent all the varieties of composition so far as the

ash or inorganic content is concerned. Under this division of the

subject, therefore, is taken up a study of this phase of the matter.

As a first step, it was deemed necessary to make an analysis of the

ash of the coals selected for use in the above tables. For exam-

ple, the somewhat arbitrary factor, 8 per cent, has been adopted
as covering a constant amount of volatile inorganic constituent

to be reckoned with the total ash. It may make an appreciable
difference whether this component is present as water of hydra-

tion, as in a clay or shale, or combined with lime as carbon di-

oxide. If in the latter combination, the amount of lime present
would be an indication of that fact, while the amount of alumina

present might serve to indicate the likelihood of this percentage

being represented by hydration of shale or clay. An analysis of

the ash of the 12 samples as listed in Table 2 is given in Table 4.

In this table, attention is first called to the fact that, with

the exception of sample 3, the amount of lime is quite uniform.

Here the lime approximates 12 per cent. By reference to the

column for alumina, which might be taken as an indication of the

clayey matter present, a very fair uniformity also exists, with the

possible exception of sample 11, where the aluminium content is

relatively low. Now, turning to Table 2 for an indication of a

variation in the calculated values for unit coal, it does not seem

that these variations in samples No. 3 and No. H have entered

into the case in an appreciable degree.

Thus far it might be safe to conclude, that the adoption of
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the 8 per cent constant, as representing the volatile matter of

the ash, is applicable. However, if in this group we have a vari-

ation in the lime content from 2 to 12 per cent, as in samples
7 and 3, have we any evidence that it stops there? Similarly,

TABLE 4

ASH COMPOSITION OF COALS OF TABLE 2

Tab.
No.
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\
would be volatile, depending on the temperature made use

Table 5 is given as illustrating the extremes to which lime

calcium carbonate, and alumina combined as clayey matter may
be met, at least in the ash from Illinois coals.

TABLE 5

ASH COMPOSITION OF COALS WITH HIGH PERCENTAGE OF LIME

Tab.
No.
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uents of the coal which properly belong to the ash. This is the

fuel unit designated the "ash and water-free," combustible or

"pure coal" basis adopted by engineers. Under column (d), the

TABLE 6

PROXIMATE ANALYSIS WITH CALORIFIC VALUES FOR FLOAT AND SINK COAL WITH
HIGH PERCENTAGES OF LIME IN THE ASH
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the table, and to 11.99 per cent in No. 6. While these per-

centages are abnormal, they serve well the purpose of indicat-

ing the effect upon the proposed formula for arriving at unit

coal values. The first question which presents itself, therefore,

is whether we should not correct our ash factor, not by an 8 per
cent addition alone, but by adding directly to the ash as weighed,
the amount of carbon dioxide present, on the assumption that all

of the calcium carbonate would be decomposed, setting free the

CO2 . This involves another hypothesis, namely, that in the or-

dinary determination of ash, the calcium carbonate present is

completely decomposed. To test this point, the four samples,
subdivided into pairs of low and high ash each, were subjected
first to the ordinary ash determination as directed by the Com-
mittee of the American Chemical Society on standard methods

for coal analysis. No important modification of this method was

employed. After complete burning off of the carbon in a porce-

lain crucible over a Bunsen lamp, a blast lamp, driven at moder-

ate intensity, was applied for 30 to 40 minutes. The results are

listed in Table 7, in the first column for ash percentages, marked

(a). In the column marked (&), the method employed made
use of a platinum crucible and after burning off the carbon,

an intense heat was applied by means of the blast lamp,

continuing the blasting to constant weight. As will be seen from

these results, a very wide difference may be made in the seeming-

ly simple matter of determining the ash. Evidently under col-

umn (a) only a part of the calcium carbonate has been decom-

posed in the "sink" samples.

In this table, therefore, we have a striking illustration of the

variations that may enter into the ash determination. The evi-

dence of a variable element indicated its presence in a very

marked manner in the process of obtaining the values for column

(a). It was found almost impossible to secure duplicate results,

the values sometimes varying in the two portions run in parallel

by as much as 1.00 per cent. This evidence of a high content of

calcium carbonate and its effect on the accuracy of the ash deter-
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TABLE 7

VARIATIONS IN ASH VALUES WHERE CALCIUM CARBONATE is A CONSTITUENT OF
THE COAL
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analysis was aJso made showing all the mineral constituents, so

that any bearing these factors might have, could be studied sim-

ultaneously with the question of the true ash or inorganic mat-

ter.

In considering the probable reactions of the ash at a fusion

temperature, it would be conceded at once that all of the CO2

would be driven off. This, therefore, would be the first incre-

ment to add to the ash as above determined. Similarly, the chlo-

rine present would be driven off. Evidently, in these particular

samples, the larger portion of the chlorine is combined as CaCl 2 ,

which was not washed out of the texture of the coal after being

subjected to the floating process in a CaCl2 solution. But wheth-

er joined as NaCl or CaCl 2 ,
it is probable that the ultimate result

is the formation of silicates of sodium and calcium with libera-

tion of chlorine. Hence it seems proper to add a second incre-

ment to the ash values, that of the chlorine percentages. When
we come to a disposition of the SO 3 value, the case is not so clear.

Ordinarily, it should be noted, the amount of sulphate present in

a coal is so small as to be negligible, but it so happens that the

samples selected for this particular series had been in labora-

tory storage for over a year, with the result, that when the ulti-

mate constituents were all sought out, quite an appreciable

amount of sulphate of iron had formed. Now the decomposition

of this material is easily effected at a temperature above 300.

Hence the indication would seem to be that a further correction

for the ash content should be made by adding the percentage
found for this constituent. However, it should be borne in mind

that calcium carbonate is present in sufficient quantity to take

care of this SO 3 by formation of CaSO4 + CO2 . By testing arti-

ficial mixtures of calcium carbonate and ferrous sulphate, with'

and without the addition of organic matter, the residual fusion!

showed sufficient sulphate remaining as CaSO 4 to warrant the

conclusion that no correction should be made for the SO3 found

to be present in the original coal.

In view of these facts, therefore, the calculation for the unit
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coal values on these samples was based on an ash content in

which the ash as weighed had been subjected to a very high tem-

perature in a platinum crucible, and continued until a constant

weight was secured, and the ash fused; to this was added the
CO2 present in the dry coal, and also the factor for chlorine. The
formula already given, therefore, was simply modified by the
above conditions, and would be expressed as follows :

Unit Coal= Indicated B. t. u. - 5000 S
1.00 [ (Ash + C02 + 01.) X 1.08 + 22/40 SI

The results of this calculation are given in Table 9, with a com-

parison wherein the values are calculated to "pure coal" or the

"ash and water-free" basis and to the "unit coal" with the ash

corrected for the CO2 and Cl present.

Concerning these results, the proposed correction of the ash

by addition of the CO2 and Cl would seem to meet the conditions

as indicated by the close agreement of the "unit coal" values.

The last sample, No. 8 of the table, is not in so good agreement
as could be wished. The only explanation to be suggested at

the present time is that the very high per cent of calcium carbon-

ate, 16.67 per cent, would seem to require that a correction be

made in the calorimetric value to allow for the heat of decom-

position required to separate that amount of calcium carbonate

into its constituent parts. This would mean that 786.6 X 16.67

per cent or 131 B. t. u. would represent the heat of dissociation

for the calcium carbonate present. This amount, added to the

indicated heat, would represent the total heat developed in the

combustion as 9112 B. t. u. This amount introduced into the

formula would show 14 383 B. t. u. as the unit coal value, or a

difference from the low ash sample of 112 units instead of 336

as in the table. More study of this extreme type of coal must
be made, and upon fresh samples with the sulphate constituent

eliminated, before a final judgment can be formulated as to the

adaptability of the formula to such cases. The remarkable con-

formity of the values in three .of the four cases would seem to
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argue strongly in favor of the corrections for CO2 and Cl as cov-

ering the case. In consideration of the facts set forth, therefore,

in these last tables, it was deemed necessary to make an extended

inspection of the coals of the State with special reference to their

content of carbonate and chlorine. About sixty samples were se-

lected and in addition to the usual ash determination, analysis

FIG. 1 APPARATUS FOR DETERMINING

was made of the ash constituent, namely, silicon, iron, alumina,

lime, and magnesia. In addition, a determination was made of

the chlorine and carbonate present. The chlorine was deter-

mined by digesting 2 grams of the pulverized coal on a steam
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bath with about 200 cc. of water, filtering, making up to 500 cc.,

and titrating an aliquot part with standard silver nitrate solu-

tion.

The carbonate was determined by weighing out 5 grams of

coal and treating with acid in the apparatus designed for such

work as shown in Fig. 1. This is an improved form of the ap-

paratus described in Bulletin 7 of the Engineering Experiment

Station, for the volumetric estimation of carbon dioxide, by ab-

sorbing the same in a pipette, as P of the figure, and measuring
the contraction in the jacketed burette.

From the values thus obtained for these two constituents,

it will be seen from the table that the high amounts of both are

distributed quite irregularly throughout the State, and very fre-

quently in a sufficiently high amount to make the introduction

of their values into any careful analytical work on such coals

an essential feature, if trustworthy results are to be forthcoming.

An answer is thus afforded, in such cases at least, to the

query of the Committee of the American Chemical Society on

Coal Analysis
1

: "Are carbonates likely to be present in the ash

in such amount that heating over a blast lamp would lessen the

weight appreciably?" An affirmative answer is also indicated in

Table 7, where the weight of ash is lessened on blasting by 11.31

per cent of the coal, as in sample 8.

A further suggestion results from these frequent indications

of carbon dioxide. The high carbonate content is accompanied

by a high lime factor and the question at once occurs as to wheth-

er this factor for CO 2 might not serve as an index of fusibility

of the ash quite as accurately as the content of sulphur, since

high lime is as promotive of slagging as iron. Numerous tests

on the fusibility of ash have confirmed this idea. It is hoped

that this matter of the fusibility of coal ash may be taken up for

further study in the near future.

'Jour. Am. Chem. Soc. Vol. 20, p. 284, 1898.
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V. SUMMARY

The principles developed by the foregoing discussion may be

stated as follows:

1. Ordinarily the total inorganic or non-coal constituent is

expressed by the formula

Total Inorganic Matter= M + 1.08 A + 22/40 S
in which M= moisture, A= ash, and S= sulphur. The form-
ula for calculating the heat value for unit coal, therefore, basing
the calculation upon wet coal values, would be

B. t. u. of Unit Coal= ^icated (wet) B. t. n. -50008
1.00 (M + 1.08 A + 22/40 S)

and for dry coal :

B. t. u. of Unit Coal= ^ndicatedj dry )
B. t. u. - 5000 S

1.00 (1.08 A + 22/40 S)

2. A coal of unknown character as to its carbonate content

should be subjected to a carbonate determination readily effected

by liberating the CO2 with acid and measuring the same by

weight or volume. Where carbonates are found to exist in any
considerable quantity, say over 0.3 per cent CO2 ,

the ash deter-

mination should be made by blasting in a platinum crucible to

constant weight, and the ash as thus determined corrected by add-

ing the weight found for CO2 . Further, since this method of

deriving the weight of ash will drive off the chlorine present, this

constituent should also be determined and the amount as Cl

added to the weight of ash.

It has been possible to apply the foregoing principles to a

large number of analyses which have been made in this labora-

tory. Some from the same mine extending over a considerable

period of time afford a good opportunity of verifying the con-

stancy of the unit coal values from the same mine. Others from

the same geological seam, extending over a considerable area,

as well as those from neighboring mines, serve to demonstrate

a positive relationship and, so far as they are available, establish

the unit values for their respective regions. An extension of

these data has been prepared and arranged in tables following
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this discussion. In addition to the results obtained in our own

laboratory, the various coal values as published by the Ohio State

Survey
1

(Appendix A) and the United States Geological Survey
2

(Appendix B) have been calculated to unit values by the form-

ula already developed and indicated at the head of the column
for "Unit Coal." A most interesting study is there made possible

of the constancy of values for a given type of coal or for a given

region.

The application which the facts of the tables may be made
to serve are many and of far-reaching importance. The real

value and the extent of this service hinge upon the accuracy
with which we may differentiate between the actual or unit coal

and the true ash content. It is believed that the methods and
formulas herein proposed are accurate within the limits of varia-

tion, inherent in the composition of the unit substance itself, and
in the manipulation and methods of analysis employed. Concern-

ing this latter point, it is obviously impossible in applying the

calculations to analytical values already published, to take ac-

count of errors, in ash determination, due for example to the

presence of carbonate of lime. Some of the discrepancies in unit

values, therefore, may be due to this fact. Moreover, some of the

samples grouped by counties may be from different seams and

hence show a difference in their unit values. It has not been

practicable to give more detail of location or deposit than is con-

tained in the tables, but the facts thus presented seem to have

sufficient value to warrant their publication in this form.

An inspection of Table 10, (p. 31), shows a number of coals

with over 2 per cent of CO2 present. This represents approximately
5 per cent of calcium carbonate. In the Mahler type of calori-

meter, this material is decomposed, representing a loss of heat

amounting to about 40 B. t. u. for each 5 per cent of calcium car-

bonate present. A question is therefore raised as to the desir-

ability of correcting heat values obtained by that instrument, to

take account of this reaction in the calorimeter.

Geological Survey of Ohio, Fourth Series, Bui. No. 9, 19081
2United States Geological Survey, Bulletins No. 261, No. 290, and No. 332.
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VI. CONCLUSIONS

1. The actual or unit coal of a given deposit or region is

remarkably uniform in composition, as shown by the constancy
of heat values, when calculated to such unit substance.

2. The true percentage content of the actual or unit coal

hinges upon the correct determination of the inorganic constitu-

ents of the coal. The present methods of analysis fail to take

account of such constituents as the hydration of the shaley or

clayey portions of the ash or the carbon dioxide content of earthy

carbonates. The presence of chlorine compounds may sometimes

be sufficient in amount to require consideration and estimation.

3. Coal with an ash of unknown composition should be ex-

amined for carbonates and chlorides. If the combined amount
of these constituents approximates 0.5 per cent, the ash deter-

mination should be made at a temperature sufficiently high for

their complete elimination, and a correction made for the ash

value thus obtained by adding the amount of CO2 and Cl found.

4. Apart from the corrections which may be called for on

account of the presence of CO2 or Cl, a factor for hydration is

necessary, amounting to 8 per cent of the ash as determined,
minus the ferric oxide resulting from the decomposition of the

iron pyrites.

5. The assembling of the corrections indicated may be em-

bodied in a simple formula, easy of application, and under two

headings as follows :

For coals free from carbonates and chlorides

TT ., T> Indicated Dry B. t. u. 5000 S
u nit Jb>. t. u.= *

1.00 (1.08 Ash + 22/40 S)

For coals with carbonates and chlorides

Unit B. t. u.=
Indicated Dry B. t. u. 5000 S

1.00 [ (Ash at high temp. + CO2 + Cl) 1.08 + 22/40 S.]
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VII. TABULATION OF CALCULATED VALUES FOR UNIT COAL

From the tables following, (Tables 11 to 19 inclusive), not

only is there evidence of a constancy of values for a given area,

but, conversely, a given type of fuel over widely separated areas

has a value which varies between relatively narrow limits and

may be made to serve as an index of the kind or type and probably
the region from which the material comes. From an inspection

of these and other data a tentative series of values defining the

suggested limits for the generally recognized fuel types is given

in Table 11.

TABLE 11

CLASSIFICATION OF FUEL TYPES BY HEAT VALUES FOR UNIT OR ACTUAL ORGANIC
SUBSTANCE

Cellulose and wood 6500 to 7800
Peat 7800 to 11500

Lignite-brown 11500 to 12500

Lignite-black 12500 to 13500
Sub-bituminous Coal 13500 to 14200
Bituminous Coal (mid continental field) 14200 to 15000
Bituminous Coal (eastern field) 15000 to 16000
Semi-anthracite and Semi-bituminous ....." 15500 to 16000
Anthracite. . 15000 to 15500
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TABLE 12

COAL RESULTS

From Continuous Deliveries, September 1, 1907 to September 1, 1908.

Each Sample Represents 5 Cars or 250 Tons, and is a Composite of 5 Separate
Samples.

Shipments all from"the Same Mine, Christian Co., 111.

Lab.
No.
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TABLE 12

COAL RESULTS (Concluded)
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TABLE 13

COAL RESULTS

From Continuous Deliveries September 1, 1908, to May 1, 1909

Each Sample represents 300 Tons

Shipments all from the Same Mine, Vermilion Co., 111.

Lab.
No.
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TABLE 13

COAL RESULTS (Concluded)



PARR-WHEELER UNIT COAL AND COAL ASH 41

TABLE 14

COAL RESULTS

Run-of-Mine Coal from Two Mines, Boulder Co., Colo.
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TABLE 15

COAL RESULTS

Run-of-Mine Coal from One Mine, Las Animas Co., Colo.
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TABLE 16

ILLINOIS "No. 2" COAL

Lab.
No.
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TABLE 17

ILLINOIS "No. 5" COAL FROM SOUTHERN PART OF STATE

Lab.
No.
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TABLE 18

ILLINOIS "No. 5" COAL FROM CENTRAL PART OF STATE

Lab.
No.
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TABLE 19

BLUE BAND COAL

Lab.
No.
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TABLE 19

BLUE BAND COAL (Concluded)

Lab.
No.
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TABLE 20

UNIT COAL VALUES

Compiled from Bulletin 9, Fourth Series, 1908, Ohio State Geological Survey

No.
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TABLE 20

UNIT COAL VALUES (Continued)

51

No.
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TABLE 20

UNIT COAL VALUES (Continued)

No.
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TABLE 20

UNIT COAL VALUES (Continued)

53

No.
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TABLE 20

UNIT COAL VALUES (Concluded)

No.
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TABLE 21

UNIT COAL VALUES

Compiled from Bulletins 261, 290, 332, United States

Geological Survey

State
No.
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TABLE 21

UNIT COAL VALUES (Continued)
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TABLE 21

UNIT COAL VALUES (Continued)

State
No.
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TABLE 21

UNIT COAL VALUES (Continued)

State
No.
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TABLE 21

UNIT COAL VALUES (Continued)

State
No.
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TABLE 21

UNIT COAL VALUES (Continued}

61

State
No.
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TABLE 21

UNIT COAL VALUES (Continued}

State
No.
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TABLE 21

UNIT COAL VALUES (Continued)

63

State
No.
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TABLE 21

UNIT COAL VALUES (Continued}
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TABLE 21

UNIT COAL VALUES (Continued)

State
No.
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TABLE 21

UNIT COAL VALUES (Continued}

State
No.
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TABLE 21

UNIT COAL VALUES (Concluded)

State
No.
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COLLEGE OP AGRICULTURE (Animal Husbandry, Agronomy,
Dairy Husbandry, Horticulture, Veterinary Science, House-
hold Science).

COLLEGE OF LAW (Three years' course).

COLLEGE OP MEDICINE (College of Physician* and Surgeons,
Chicago). (Four years' course).

COLLEGE OP DENTISTRY (Chicago). (Three years' course).

SCHOOLS GRADUATE SCHOOL, MUSIC (Voice, Piano, Vio-

lin), LIBRARY SCIENCE, PHARMACY (Chicago), EDU-
CATION, RAILWAY ENGINEERING AND ADMINISTRA-
TION.

A Summer School with a session of nine weeks is open each
summer.

A Military Regiment is organized at the University for instruc-

tion in Military Science. Closely connected with the work
of the University are students' organizations for educational
and social purposes. (Glee and Mandolin Clubs; Literary,
Scientific, and Technical Societies and Clubs, Young Men's
and Young Women's Christian Associations).

United States Experiment Station, State Laboratory of Natural

History, Biological Experiment Station on Illinois River,
State Water Survey, State Geological Survey

Engineering Experiment Station. A department organized to

investigate problems of importance to the engineering and
manufacturing interests of the State.

The Library contains 122,000 volumes and 14,000 pamphlets.

Ifce University offers 526 Free Scholarship*.

For catalogs and information address

W. L. P1LLSBURY, Regtarar,

Urbana, Illinois.
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